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Abstract
The purpose of this study was to compare the a-waves of mGluR6-deWcient mice (KO) to that of wild-type mice (WT), and to deter-
mine whether the light-adapted electroretinogram of the KO mice originate exclusively from cones. Dark-adapted a-waves were recorded
under the same conditions from both types of mice. With a 96-cd/m2 background, the a-wave from both types of mice showed a rapid
recovery over a 50-min period. The analysis of the a-waves in KO mice indicated that the recovery was determined mainly by the rod
component. The light-adapted b-wave of WT mice showed no corresponding recovery. We conclude that rod contribution must be con-
sidered in the analyses of the light-adapted a-waves of KO mice.
 2005 Elsevier Ltd. All right reserved. 
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Altering the genome of mice is relatively easy, and such
transgenic mice have served as valuable models of human
retinal disease (Review: Peachey & Ball, 2003). The electro-
retinogram (ERG) can be used to assess the function of the
outer retinal neurons, and the similarity in the origin of the
diVerent components of the ERG in humans and mice
allows mice to be used in these studies. In addition, the
techniques used for recording full-Weld ERGs from mice
and humans have been established, and the feasibility of
using ERGs as a screening tool for retinal dysfunction in
mice has been demonstrated (Dalke et al., 2004).
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have also been used to study basic retinal functions, espe-
cially when they are related to the phototransduction path-
way (Review, Lem & Makino, 1996; Peachey & Ball, 2003).
In some transgenic mice, the physiology of the cone photo-
receptors has been altered (Seeliger et al., 2001; Yang et al.,
1999). This is important because, as opposed to rod photo-
receptors, in vitro electrophysiological recordings from
individual cones are limited in mammals other than prima-
tes (Nunn, Schnapf, & Baylor, 1984; Schnapf, Kraft, &
Baylor, 1987). This is probably true because there are fewer
cones, they are more widespread, and their shape and size
are not conducive to electrical recordings. Thus, in vivo
ERG analyses have been used to investigate the properties
of the cone photoreceptors in mice.
It has been established that the a-wave of the ERG orig-
inates from the activity of the photoreceptor cells (Penn &
Hagins, 1969), and the b-wave from the ON-type bipolar
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Slaughter, 1993; Kofuji et al., 2000; Stockton & Slaughter,
1989). The case may not be as straightforward, because the
total ERG response, a-wave and b-wave, is a sum of two
components; PII generated in inner nuclear layer and PIII
generated by photoreceptors (Hood & Birch, 1992). In the
primate ERG, the a-wave originates mainly from photore-
ceptor activity, mixed with small postreceptoral signals
(Jamison, Bush, Lei, & Sieving, 2001; Robson, Saszik,
Ahmed, & Frishman, 2003; Sieving, Murayama, & Naaren-
dorp, 1994). In the photopic ERGs of rats, the contribution
of second order neurons to the negative a-wave was
reported to be much smaller (Xu, Ball, Alexander, &
Peachey, 2003). Some of these ERGs were recorded after
suppressing the b-wave with intravitreal injections of
2-amino-4-phosphonobutyric acid (APB or L-AP4).
Similar to rats under light-adapted conditions, the cone-
mediated a-waves of mice are very small because they are
masked by the large b-waves (Ekesten, Gouras, & Moschos,
1999; Peachey, Goto, Al-Ubaidi, & Naash, 1993). The use
of intravitreal APB to isolate photoreceptor activity has
been limited in mice probably because of the size of their
eyes. Therefore, the pure cone-driven photoresponse in
mice are mostly analyzed from the initial portion of the a-
waves before the intrusion of the b-wave from bipolar
activity (Lyubarsky, Chen, Simon, & Pugh, 2000, 2001;
Pennesi, Howes, Baehr, & Wu, 2003). On this point, mouse
strains lacking b-wave could serve as a helpful model, and
mGluR6-deWcient mouse (Masu et al., 1995), nob (no
b-wave) mouse (Candille, Pardue, McCall, Peachey, &
Gregg, 1999; Krishna, Alexander, & Peachey, 2002), and
Go deWcient mouse (Dhingra et al., 2000) have been studied.
The metabotropic glutamate receptor, mGluR6, is a sub-
type of the glutamate receptor that is sensitive to APB
(Nakajima et al., 1993). mGluR6 regulates the entry of ions
into the depolarizing ON-type bipolar cells responding to
the excitatory amino acid released from photoreceptor cells
of both rods and cones (Masu et al., 1995; Ueda, Iwakabe,
Masu, Suzuki, & Nakanishi, 1997). A mGluR6-deWcient
mouse line has been created by conventional homologous
recombination methods, and the ERGs of these mice have
a negative shape with the absence of a b-wave, as might be
expected. Unfortunately, the physiological properties of
mGluR6-deWcient mice have not been studied in detail.
These mGluR6-deWcient mice can serve as substitutes for
APB-injected mice, and are thus valuable for studying the
physiology of the photoreceptors. The mGluR6-deWciency
would also remove the APB-sensitive feedback to the a-
wave from second order neurons (Jamison et al., 2001;
Robson et al., 2003). However, some caution is necessary
when interpreting the results because of possible compensa-
tory responses to the genetic deWciency.
The purpose of this study was twofold: Wrst, to verify the
similarity of the a-wave of wild-type mouse (WT) to that of
mGluR6-deWcient mouse (KO); and second, to determine
whether the mouse light-adapted ERGs originate exclu-
sively from the cone system. This latter is importantbecause any contamination by rods would have to be taken
into account in the interpretation of cone function in
mGluR6-deWcient animals.
2. Materials and methods
All experimental procedures were performed according
to the Guidelines for Animal Experiments of Kyoto Uni-
versity, and the principles embodied in the European Com-
munities Council Directive of 24 November 1986 (86/609/
EEC).
Experimental animals, kindly supplied by Dr. Shigetada
Nakanishi of Kyoto University, were created on a 129/SvJ
mouse strain (Masu et al., 1995) and maintained on a
C57BL/6J background. The mice were 2- to 10-months-old
and weighed 25–35 g. For the ERG recordings, the mice
were anesthetized by an intraperitoneal injection of ure-
thane (0.67 g/kg), xylazine (1.7 mg/kg), and ketamine
(13.3 mg/kg). The pupils were dilated with 0.5% phenyleph-
rine hydrochloride and 0.5% tropicamide. The anesthetized
animals were placed on a heating pad, and a temperature
probe was placed between the mouse body and the heating
pad and maintained at around 35 °C.
A contact lens electrode, the inner rim of which was
lined with gold wire (Kyoto Contact Lens, Kyoto, Japan),
was placed on the anesthetized (0.4% oxybuprocaine
hydrochloride) cornea covered with a layer of hydroxyl
ethyl cellulose. A tungsten reference electrode was inserted
subcutaneously on the forehead, and a ground electrode
was attached to the tail. ERGs were recorded after more
than 12 h of dark-adaptation.
Two 500 W Xenon lamps (LX-500 and LX-500F, Sanso,
Tokyo, Japan) were used for the stimuli and steady back-
ground light. A pulse generator (SEN-7203, Nihon Koden,
Tokyo, Japan) was used to control the duration and
sequence of a guillotine-type shutter. Two short-arc power
Xash lamp units were used for the paired Xash stimuli (SA-
200F, Nissin Electronic, Tokyo, Japan). A detailed spectral
distribution output of the Xenon light sources was not
determined.
Fiber optic light bundles were used to carry the light
stimuli into a Faraday cage and into a full-Weld stimulus
dome (6.5 cm diameter, Sanso). Although no UV Wlter was
used in the optical system, UV wavelengths shorter than
380 nm were not transmitted from the stimulus light
through the glass Wber optics. The unattenuated luminance
of the stimulus on the surface of full-Weld dome was
7000 cd/m2 (ND 0) for the stimulus and 9600 cd/m2 (bg-ND
0) for the background, calibrated in photopic units. In our
Xenon system, photopic cd/m2 almost equaled to scotopic
cd/m2, as calibrated by the manufacturer. Neutral density
(ND) Wlters (Toshiba, Tokyo, Japan) were used to reduce
the stimulus and background intensities. The stimulus pro-
tocols will be presented in detail in the Section 3.
To study the cone responses, four tandem 500ms pulse
stimuli were presented on a background illumination to sup-
press the rod responses. For the paired Xash studies, the Wrst
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and the second probe Xash was delivered at diVerent intervals
to monitor the recovery of the cones and rods. Each of the
Xashes for the paired-Xash paradigm was estimated to pro-
duce 1.3£106 photoisomerization/rod. This value was mea-
sured as described in another paper from this laboratory
(Kassai et al., 2005), and were very similar to that reported
from Lyubarsky, Daniele, and Pugh, 2004. The intensity for
the Wrst Xash was set according to Lyubarsky, Falsini, Pennesi,
Valentini, and Pugh, 1999 (1.5£106 photoisomerization/rod).
The responses were ampliWed with the bandpass Wlters
set to 0.5–1000 Hz (AVB-21, Nihon Koden, Tokyo, Japan).
The responses were digitized by Digidata 1321A (Axon
Instruments, Foster City, CA) and averaged with a per-
sonal computer using Axoscope software (Axon Instru-
ments). Statistical analyses were done by Sigmaplot 2000
(SPSS, Chicago, Illinois).
3. Results
3.1. a-Waves of dark-adapted WT and KO mice
The ERGs elicited from a dark-adapted WT mouse and
a KO mouse by a 50-ms duration stimulus with an inter-stimulus interval of 1–2 min are shown in Fig. 1. The
responses of the WT mouse consisted of an a-wave fol-
lowed by the b-wave (Fig. 1A), while the responses of the
KO mouse (KO) consisted of only the a-wave and lacked
the b-wave (Fig. 1B). Because the slow positive rise follow-
ing the a-wave in KO mouse response was observed even
with lower (0.08 Hz) low-cut Wlter setting, it may partly be
the rising phase of the c-wave in addition to an ampliWer
artifact.
The mean intensity–response curves of the a-waves for
the two types of mice are plotted in Fig. 1C. The a-wave of
the WT mice (nD5) was Wrst seen at a stimulus intensity of
ND 3.0, while the a-wave of the KO mice (nD 5) was Wrst
elicited by a stimulus that was 1.0 log unit weaker (ND 4.0).
This diVerence resulted from the masking of the a-wave by
the b-wave which appeared at ND 5.0 (Fig. 1D) in the WT
mice. Thus, the stimulus–response curves showed that the
threshold for the a-wave was lower in KO mice.
The maximum rate of rise of the leading edge of the a-
wave in a WT mouse is compared with that of a KO mouse
for each stimulus intensity (Fig. 1E). At all intensities
between ND 4 and ND 0, the rate of rise of the a-wave was
not signiWcantly diVerent in the two types of mice (t test,
P > 0.05). These Wndings indicate that the a-waves of theFig. 1. Comparison of the ERGs recorded from a dark-adapted wild-type (WT) mouse and a mGluR6-deWcient (KO) mouse. (A) Individual ERGs elicited
by a 50 ms pulse stimulus of diVerent intensities from a WT mouse. (B) Individual ERGs elicited by a 50-ms pulse stimulus of diVerent intensities from a
KO mouse. Note that the b-wave is not present. (C) Relative intensity–response curve (normalized to response at ND 0) for the a-wave (marked with sin-
gle asterisk in A and B) of WT mice (open circles; n D 5) and KO mice (Wlled circles; nD 5). The means and standard deviations are plotted. (D) Relative
intensity-response curve for b-wave (marked with double asterisks in A) of WT mice (nD 5). The means and standard deviations are plotted. (E) Superpo-
sition of a-wave of WT and KO mice. The upper graph shows the raw responses with the gray lines showing the maximal rate of rise for each trace. In the
lower graph, the means and standard deviations of the maximum rate of rise of the a-wave from WT (open circles, nD 4) and KO (Wlled circles, n D 4) mice
are plotted.
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the same neural elements.
3.2. b-Waves elicited by tandem pulse stimuli from light-
adapted WT mice
Two methods were used to isolate the cone system. First,
a steady background (bg) light of 96 cd/m2 (bg-ND 2.0) was
used to suppress the rods. The second method was the pre-
sentation of four tandem pulses on a bg-ND 2.0. The ratio-
nale for this multiple Xash method is the same as that for
the paired-stimulus paradigm (Lyubarsky et al., 1999; Pen-
nesi et al., 2003). In this technique, the initial stimulus stim-
ulates both rod and cone responses and leaves both
refractory to further stimulation. Then, the cones recover
sensitivity rapidly but the rods require a longer period for
recovery. Thus, there is a period when only cones are
responsive.
For our experiments, the background light was com-
bined with the four tandem pulses. The duration of each
pulse in the pulse train was 500 ms, and they were delivered
with an inter-pulse interval of 2 s. The responses to thetandem stimuli were recorded once/minute. A pulse dura-
tion of 500 ms was selected so that the ON and OFF
responses of the cone pathways would be isolated, and also
because the long pulses would bleach rod photopigments
better. Five or ten pulse sequences were averaged to
improve the signal-to-noise (S/N) level.
Four time periods after the beginning of light-adapta-
tion were analyzed: the 1st set of 5 summations were
recorded between 2 and 6 min after the background light
was turned on; the 2nd set of 5 summations between 7 and
11 min; the 3rd set of 10 summations between 20 and
40 min, and the 4th set of 10 summations after 50 min.
In the WT mice, an ERG with all components was
recorded to the four pulses (Fig. 2). Examples of the aver-
aged ERGs recorded at the four time periods that were
analyzed are shown in Fig. 2A for a WT mouse. A b-wave
was observed for each pulse stimulus, but the a-wave was
very small and barely observed with an extended time scale
(Fig. 2A). The dark-adapted responses are compared to the
light-adapted responses on an expanded time scale in
Fig. 2B. In the Wrst set, the amplitudes to the four pulses
were approximately equal, and the 1st and 4th responsesFig. 2. Changes in the b-waves elicited by ND 0 from a WT mouse. Four tandem pulse stimuli were given on a bg-ND 2.0 background illumination. (A)
Averaged responses recorded at four periods after the background was turned on. Five traces were averaged in the 1st and 2nd sets, and 10 traces in the
3rd and 4th sets. (B) Time scale is expanded. In DA, the response under dark-adapted state is shown. In LA, the 1st and 4th responses are shown for each
set. Note that the ampliWcation is diVerent for DA and LA responses. (C) Mean relative amplitudes and standard deviations of the b-waves plotted as a
function of the four time periods after the background light was turned on. The amplitudes were normalized to the 1st response of the 2nd set (arrow) in
each mouse, and averaged (n D 5). Open circles represent the 1st response, Wlled circles for the 2nd, open squares for the 3rd, and open triangles for the 4th.
The asterisk marks the values that were signiWcantly diVerent (P < 0.05) from the 1st pulse response of the 2nd set.
Y. Ueda et al. / Vision Research 46 (2006) 1655–1664 1659had almost the same shape. The amplitudes of the four
b-waves of the 2nd set were larger than those of the 1st set.
Thereafter, the a-wave of only the Wrst response was
observed to increase. The b-wave amplitudes of the 3rd and
4th sets were unchanged.
The amplitudes of the b-waves were normalized to the
Wrst ERG of the four responses in the 2nd set and are plot-
ted in Fig. 2C. The amplitudes of the b-waves in the 2nd
through 4th sets were signiWcantly larger than the ampli-
tudes of the b-wave of the 1st set (paired t test, P < 0.05).
But, the amplitudes of the b-waves in the 2nd through 4th
series were not signiWcantly diVerent (paired t test;
P > 0.05). More importantly, the b-wave amplitudes for the
four responses in each set were not signiWcantly diVerent
from each other with this background illumination.
The same type of analyses was performed for the a-wave.
The a-wave for the 1st pulse tended to increase by
2.0§ 1.35-fold, but the increase was not signiWcant (nD5,
PD 0.17). This lack of signiWcance was possibly because ofthe poor S/N ratio and extremely small a-wave amplitude,
most of which was masked by the large b-wave. Thus, it was
diYcult to analyze the photopic a-wave in WT mice.
3.3. a-Wave responses to tandem pulse stimuli from 
light-adapted KO mice
The same tandem stimulus protocol was used on light-
adapted KO mice, and the ERGs from one mouse are
shown in Fig. 3A. A comparison with the scotopic response
is shown in Fig. 3B on an expanded time scale. The a-wave
amplitudes were mostly measured to the bottom of the
leading edge. The a-wave amplitudes of the four responses
in the 1st and 2nd sets (up to 11 min) were approximately
the same as was observed in the b-wave of the WT mouse.
However, an increase of the a-wave amplitude was not
observed after the 1st set as was seen in WT mouse b-wave
(Fig. 2). As was observed in WT mice, the a-wave of the Wrst
pulse increased after 20 min (3rd and 4th set) although theFig. 3. Changes in the a-wave amplitudes elicited by ND 0 from a KO mouse. Four tandem pulse stimuli were given on a bg-ND 2.0 background. (A)
Averaged responses recorded at four periods after the background was turned on. Five traces were average in the 1st and 2nd sets, and 10 traces in the 3rd
and 4th sets. (B) Time scale is expanded. In DA, the response under dark-adapted state is shown. In LA, 1st and 4th pulse responses are shown for each set.
Note that the ampliWcation is diVerent for DA and LA responses. (C) Mean relative amplitudes and standard deviations of the a-waves plotted as a func-
tion of the four time periods after the background light was turned on. The amplitudes were normalized to the 1st pulse response of the 2nd set (arrow) in
each mouse, and averaged (n D 5). Open circles represent the 1st pulse responses, Wlled circles for the 2nd, open squares for the 3rd, and open triangles for
the 4th. The asterisks mark the values that are signiWcantly diVerent (P < 0.05) from the 1st pulse response of the 2nd set.
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tude in the 1st pulse response was larger than that of the
other 3 a-waves of the set.
The a-wave amplitudes from Wve mice were normalized
to the amplitude of the Wrst response in the 2nd set, and the
mean § SD of the a-wave amplitudes of the four tandem
pulses are plotted in Fig. 3C. The amplitudes of the Wrst
response in the 3rd and 4th sets were signiWcantly larger
than the Wrst response in the 1st and 2nd sets (P < 0.05). The
following three responses in one sequence were approxi-
mately the same and were not signiWcantly larger. This indi-
cates that the baseline cone-mediated responses were stable,
and that a new component appeared during the 53.5 s inter-
val between the last pulse in one sequence and the Wrst
pulse in the next sequence.
3.4. Similarity in increase of negative component in both WT 
and KO mice under light-adapted conditions
The changes in the WT b-wave and KO a-wave are plot-
ted in Fig. 4A for comparison. Only the amplitudes of the
1st and the 4th responses are shown for simplicity. The dis-
parity of KO a-wave and WT b-wave can be clearly seen. A
computational subtraction was performed between the 1st
pulse response and the 4th (Figs. 4B and C). The negative
diVerence increased with increasing time in both WT andKO mice. In WT mice, the negative response was followed
by small oscillatory waves or noise that could not be com-
pletely cancelled (Fig. 4B). In KO mice, the waveform
showed less noise, and the negative diVerence was rather
sustained (Fig. 4C). The mean § SD of that peak negative
amplitude, normalized to dark-adapted a-wave amplitude
at ND 0 stimulus from each eye, are plotted in Fig. 4D.
Although the size was very small, the diVerence increased
with longer light-adaptation. Because the four tandem
pulse protocol was designed to leave a pure cone response
in the fourth response, the subtracted amplitude was
thought to be either a rod or cone response that recovered
during the interval between the last pulse of one tandem set
and the 1st pulse of the next tandem set.
3.5. Increase of background luminance on KO mice
To examine the origin of the a-wave increase observed
under bg-ND 2.0 background, we analyzed the responses
from KO mice further, because b-wave was not present to
confound the a-waves. To determine the origin of that com-
ponent in the a-wave of KO mice, the background lumi-
nance was increased to bg-ND 0.5. The change was made
50 min after the beginning of the background illumination
when the a-wave increase appeared stable. With this
increased background luminance, the diVerence of the 1stFig. 4. Comparison of WT and KO mice responses. (A) 1st and 4th responses from WT b-wave amplitude and KO a-wave amplitudes are re-plotted from
Figs. 2C and 3C. (B) DiVerences between the 1st and 4th pulse response from a WT mouse are subtracted from the waveforms shown in Fig. 2B. Upper
response is from 2nd set, middle from 3rd, and lower from 4th. (C) DiVerences between the 1st and 4th pulse response from a KO mouse are subtracted
from the waveforms shown in Fig. 3B. Upper response is from an average of 1st and 2nd sets, middle response from 3rd, and lower from 4th. (D) Each
negative peak amplitude was normalized to the a-wave to ND-0 pulse stimulus from each eye in dark-adapted state (DA in Figs. 2B and 3B). Mean § SD
is plotted (open circles, WT, n D 5; Wlled circles, KO, nD 5).
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evident as with lower background luminance (Figs. 5A and
B). With backgrounds brighter than bg-ND 1.0, there was
no diVerence in the four tandem responses (nD 8; nD3 on
bg-ND 0.5).
Thus, a bg-ND 1.0 was bright enough to inactivate the
component, while the cone response was still present. These
Wndings indicate that this component most likely originated
from rods.
3.6. Isolation of cone component with paired-Xash paradigm
We then applied the paired-Xash ERG paradigm
(Pepperberg, Birch, & Hood, 1997; Pennesi et al., 2003) to
light-adapted KO mice to determine the origin of the com-
ponent that led to the increase in the amplitude. Five
responses were averaged to improve the S/N ratio, and the
time between the conditioning Xash and probe Xash was
varied from 200 ms to 4.0 s. The time between the paired-
Xash was 10 s. The responses recorded between 10 and 30min
(Fig. 6A), 30–50min (Fig. 6B), and over 50 min (Fig. 6C)
after the onset of the background light were analyzed.
The amplitudes of the a-wave elicited by the probe stim-
ulus were normalized to the amplitude recorded at 300 ms
from the conditioning Xash after 10–30 min of light adapta-
tion. The mean relative amplitudes from six KO animals
are plotted as a function of the interval between the condi-
tioning and probe stimulus in Fig. 6D.
The amplitude of the a-wave to the probe stimulus
remained essentially unchanged for all intervals less than
500 ms. It should be noted that the amplitude of the a-waveto the probe Xash was not signiWcantly diVerent between
500 ms and 4 s for the early times; namely, 10–30 min of
light-adaptation. These responses were considered to be
pure cone responses. Therefore, the cone component
remained unchanged for over 50 min after light adaptation
with a bg-ND 2.0.
After 50 min of light adaptation, the amplitude of the a-
wave was signiWcantly larger (P < 0.05), when the probe was
presented one second and longer from the conditioning
Xash. As was suggested from the results of the four-tandem
protocol, these Wndings support the hypothesis that the
increase in the amplitude in our system was mostly due to
the recovery of the rod component.
4. Discussion
The leading edge of the scotopic a-wave has been used to
study the properties of rod photoreceptors (Hood & Birch,
1990, 1993). Our results showed that the maximum rate of
rise of the a-wave was the same for both WT and KO mice
under dark-adapted conditions. We also observed an
increase in the a-wave during light-adaptation from both
type of mice. Thus, the photoreceptor activity in KO mice
did not diVer from that of WT mice in some aspects. Similar
conclusions have been made for the retinal neural architec-
tural organization of these KO mice (Tagawa, Sawai, Ueda,
Tauchi, & Nakanishi, 1999). A detailed analysis on the
light-adapted a-wave increase was performed only on KO
mice because of the masking of the a-wave by the b-wave in
WT mice. Therefore, it should still be determined if that a-
wave increase is based on the same mechanism in WT mice.Fig. 5. EVect of background luminance on the amplitude of the 1st response to the four tandem stimuli. (A) Averaged responses elicited by the four tan-
dem pulses. The background luminances are presented at the left. (B) A plot of the mean amplitudes and standard deviations of the four responses at
diVerent background luminances. The amplitudes were normalized to the 1st response with a bg-ND 1.0 background (arrow) in each mouse and averaged
(nD 8; n D 3 on bg-ND 0.5). The asterisks represent the 1st pulse responses that were signiWcantly diVerent from the following three pulse responses in the
same series (*P < 0.05; **P < 0.01; ***P < 0.005).
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Wrst 11 min during the course of the light adaptation, while
the a-wave of KO mice did not. In previous studies, a simi-
lar increase in the mouse cone-mediated b-wave has been
reported, while cone-mediated a-wave was very small, and
therefore not investigated in detail (Ekesten et al., 1999;
Peachey et al., 1993). A similar disparity was also reported
in the ERGs of human subjects (Armington & Biersdorf,
1958; Peachey, Alexander, Fishman, & Derlacki, 1989).
The mechanism underlying the increase in the amplitude
of the b-wave has not been determined. It probably is not of
photoreceptor origin, because it can occur without corre-
sponding changes in the a-wave. Another possibility is that
the mechanism is related to alterations in the retinal extra-
cellular ionic environment (Findl, Hansen, & Fulton, 1995;
Kang-Derwent & Linsenmeier, 2000). The change in [K+]o
may be a good candidate for the ion because it is markedly
altered following changes in illumination (Steinberg,
Oakley II, & Niemeyer, 1980). However, there is also evi-
dence against potassium: Wrst, the subretinal [K+]o depends
on the activity of retinal pigment epithelial (RPE) cells
(Steinberg, Linsenmeier, & GriV, 1985), but the frog retina,
isolated from RPE cell layer, still shows a similar increase
of the Xicker response during light-adaptation (Hood,
1972); and second, [K+]o changes do not always aVect the
b-wave of isolated RCS rat retina (Wurziger, Lichtenberger,
& Hanitzsch, 2001).The disparity in the changes of the a-wave and b-wave
was also observed after 20 min of light adaptation. During
this period, the increase in the a-wave of both types of mice
was not seen as in the b-wave of WT mice. The b-wave
should be saturated at lower light stimuli than the a-wave.
The mechanism for a recovery of the rod component of
the a-wave is not clear. One possibility could be cytoplasmic
calcium ions; illumination decreased the cytoplasmic cal-
cium ions of photoreceptor cells, resulting in a decrease of
phosphodiesterase activity through a calcium-binding pro-
tein, recoverin (Kawamura, 1993; Makino et al., 2004).
Although such a system was suggested to be the basis of the
acceleration of Xash response velocity in the toad photore-
ceptor outer segments (Baylor, Lamb, & Yau, 1979), single-
cell rhodopsin activity itself was reported to be reduced in
low Ca2+ (Lagnado & Baylor, 1994). Also, such changes
take a very short time, within a minute in those experiments.
Another mechanism that may be involved is the light-
dependent translocation of key signal proteins into and out
of the outer segments of rod photoreceptor cells. Light
induced translocation between inner and outer segments of
transducin (Kassai et al., 2005; Solokov et al., 2002), arres-
tin (Mendez, Lem, Simon, & Chen, 2003; Nair et al., 2005),
and recoverin (Strissel et al., 2005) are, however, all inhibi-
tory for the phototransduction by rhodopsin. It has not
been demonstrated whether such translocation system
could increase the photoresponse itself.Fig. 6. Isolation of cone components by paired-Xash stimuli on a bg-ND 2.0 from KO mice. Recordings were made at 10–30, 30–50, and longer than
50 min after the background light was turned on. The number on the left represents the interval between the two stimuli. An arrow marks the conditioning
Wrst Xash, and an arrowhead for the second Xash (A–C). (A) Responses recorded at the diVerent inter-stimulus intervals 10–30 min after the background
ling was turned on. (B) Comparable responses recorded 30–50 min after the background light was turned on. (C) Comparable responses recorded more
than 50 min after the background light was turned on. (D) A plot of the mean a-wave amplitudes and standard deviations as a function of the interval
between conditioning and probe stimuli. The a-wave amplitudes were normalized to the amplitude recorded at 300 ms after the conditioning Xash at 10–
30 min after light adaptation (arrow) in each mouse, and averaged (nD 6). Open circles represent the responses during the 10–30 min light adaptation,
open squares during 30–50 min, and open triangles for longer than 50 min. The asterisks represent the probe responses that were signiWcantly diVerent
(P < 0.05) from the response with 10–30 min light adaptation.
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regeneration of rhodopsin from the constant illuminated
mouse retina (Chen et al., 2001; Saari, Garwin, Van Hooser,
& Palczewski, 1998). However, the level of rhodopsin is rap-
idly equilibrated after the light onset, and an increase of
rhodopsin has not been observed in the constant light con-
dition (Wenzel et al., 2005). Although each intracellular
mechanism could not explain the long-term recovery of
rod-mediated a-wave, the combination might be at the
basis of the phenomenon.
In contrast to the rod responses, cone responses were
thought to stay unchanged for over 50 min in the present
study. Because we did not use spectral stimuli to separate
rod- vs. cone-driven responses, there could still be a possi-
bility that the cones have a minor contribution. Also, the
proportion of UV-cone and M-cone response in our light-
adapted ERGs is not known. It should still be determined if
our result is applicable to both UV and M cone photore-
ceptors.
In conclusion, the mGluR6-deWcient mice were helpful
for analyzing the mouse light-adapted a-waves. Our results
indicated that rod-mediated a-waves were recordable from
light-adapted KO mice. Besides the suppressive rod-cone
interaction that occurs after a transient decrease in illumi-
nation (Frumkes, Lange, Denny, & Beczkowska, 1992),
rods may actively aVect the mouse daylight vision. Also in
humans, the results of a psychophysical study showed that
the rod system might be active even after the rod-cone
break (Sugita, Suzuki, & Tasaki, 1989).
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